We report the analysis, conducted as part of the MaTYSSE programme, of a spectropolarimetric monitoring of the ∼0.8 Myr, ∼1.4 M disc-less weak-line T Tauri star V410 Tau with the ESPaDOnS instrument at the Canada-France-Hawaii Telescope and NARVAL at the Télescope Bernard Lyot, between 2008 and 2016. With Zeeman-Doppler Imaging, we reconstruct the surface brightness and magnetic field of V410 Tau, and show that the star is heavily spotted and possesses a ∼550 G relatively toroidal magnetic field.
INTRODUCTION
Investigating the birth and youth of low-mass stars (< 3 M ) and of their planetary systems heavily contributes to unveiling the origin and history of the Sun and of its planets, in particular the life-hosting Earth. We know that stars and their planets form from the collapse of parsec-sized molecular clouds which progressively flatten into massive accretion discs, until finally settling as pre-main-sequence (PMS) stars surrounded by protoplanetary discs. T Tauri stars (TTSs) are PMS stars that have emerged from their dust cocoons and are gravitationally contracting towards the main sequence (MS); typically aged 1-15 Myr, they are classical TTSs (cTTSs) when they are still surrounded by a massive accretion disc (where planets are potentially forming), and weak-line TTSs (wTTSs) when their accretion has stopped and their inner disc has dissipated. Large-scale magnetic E-mail: louise.yu@irap.omp.eu fields are known to play a crucial role in the early life of low-mass stars, as they can open a magnetospheric gap at the center of the disc, funnel accreting disc material onto the star, induce stellar winds and prominences, and thus impact the angular momentum evolution of TTSs (Donati & Landstreet 2009 ). Observing and understanding the magnetic topologies of TTSs is therefore a necessary endeavour to complete our understanding of stellar and planetary formation (e.g. Bouvier et al. 2007 ).
Since the first detection of a magnetic field around a cTTS nearly 20 years ago (Johns-Krull et al. 1999) , the large-scale topologies of a dozen cTTSs were mapped (e.g. Donati et al. 2007; Hussain et al. 2009; Donati et al. 2010a Donati et al. , 2013 thanks to the MaPP (Magnetic Protostars and Planets) Large Observing Programme allocated on the 3.6 m Canada-France-Hawaii Telescope (CFHT) with the ESPaDOnS (Echelle SpectroPolarimetric Device for the Observation of Stars) high-resolution spectropolarimeter, using Zeeman-Doppler Imaging (ZDI), a tomography technique designed for imaging the brightness features and magnetic topologies at the surfaces of active stars (eg Brown et al. 1991; Donati & Brown 1997) . This first exploration showed that the topologies of cTTSs are either quite simple or rather complex depending on whether the stars are fully convective or largely radiative respectively (Gregory et al. 2012; Donati et al. 2013) . Moreover, these fields are reported to vary with time (e.g. Donati et al. 2011 Donati et al. , 2012 Donati et al. , 2013 and resemble those of mature stars with similar internal structure (e.g. Morin et al. 2008 ), suggesting that they are produced through dynamo processes within the bulk of the convective zone.
The MaTYSSE (Magnetic Topologies of Young Stars and the Survival of close-in giant Exoplanets) Large Programme aims at mapping the large-scale magnetic topologies of ∼35 wTTSs, comparing them to those of cTTSs and MS stars, and probing the potential presence of massive closein exoplanets (hot Jupiters/hJs) around its targets. It was allocated at CFHT over semesters 2013a to 2016b (510 h) with complementary observations from the ESPaDOnS twin NARVAL on the Télescope Bernard Lyot (TBL) at Pic du Midi in France and from the HARPS spectropolarimeter at the ESO Telescope at La Silla in Chile. Up to now, about a dozen wTTSs were studied with MaTYSSE for their magnetic topologies and activity, for example V410 Tau (Skelly et al. 2010) , LkCa 4 (Donati et al. 2014 ) and V830 Tau (Donati et al. 2017) . These studies showed that the fields of wTTSs are much more diverse than those of cTTSs, with for example V410 Tau and LkCa 4 displaying strong toroidal components despite being fully convective, as opposed to the results obtained on cTTSs (see discussion in Donati et al. 2014) . MaTYSSE fostered the detection of two hJs around wTTSs, the 2 Myr-old V830 Tau b (Donati et al. , 2017 and the 17 Myr-old TAP 26 b (Yu et al. 2017) .
This new study focuses on V410 Tau, a very young (∼1 Myr in Skelly et al. 2010 ) disc-less wTTS (Luhman et al. 2010 ) with a well-constrained rotation period of 1.872 d (Stelzer et al. 2003 ). One of the most observed wTTSs, V410 Tau has been the target of both photometric and spectropolarimetric observation campaigns. High variability detected in its light curve (Bouvier & Bertout 1989; Sokoloff et al. 2008; Grankin et al. 2008 ) indicates a high level of activity, confirmed with Doppler maps (Skelly et al. 2010; Rice et al. 2011; Carroll et al. 2012) showing that the photosphere features large polar and equatorial cool spots, responsible for these modulations. Magnetic maps made by Skelly et al. (2010) and Carroll et al. (2012) have shown a highly toroidal and non-axisymmetric large-scale field despite the mostly convective structure of V410 Tau.
We first describe our data, comprising new NARVAL data from MaTYSSE added to previous spectropolarimetric data taken with ESPaDOnS and NARVAL in 2008-2011 , and contemporaneous photometric observations taken at the Crimean Astronomical Observatory (CrAO) and from the Super Wide Angle Search for Planets (SuperWASP) campaign (Section 2). We then derive the general properties of V410 Tau (Section 3), after which we pursue the investigation of both its photosphere and its magnetic field, using ZDI with a model including both bright plages and cool spots (Section 4). Then, we disentangle the activity jitter from the actual radial velocities (RVs) in the RV curve, using models from our ZDI maps and Gaussian Process Regression (GPR), in order to look for a potential planet signature (Sec-tion 5), before finally discussing our results and concluding (Section 6).
OBSERVATIONS
Our spectropolarimetric data set spans from 2008 Oct to 2016 Jan, totalling 144 high-resolution optical spectra, both unpolarized (Stokes I) and circularly polarized (Stokes V). It is composed of 8 runs, most of which cover around 15 days, taken during 4 different seasons: 2008b-2009a, 2011a, 2013b and 2015b-2016a . The full journal of observations is available in Table A1 . The 2008b data set and 4 points in the 2009a data set were taken with the ESPaDOnS echelle spectropolarimeter at CFHT, while the rest were taken with the ESPaDOnS twin NARVAL installed at TBL.
The raw frames are processed with the nominal reduction package Libre Esprit as described in e.g. Donati et al. ( , 2011 , yielding a typical root-mean-square (rms) RV precision of 20-30 m s −1 (Moutou et al. 2007; Donati et al. 2008) . The peak signal-to-noise ratios (S/N, per 2.6 km s −1 velocity bin) reached on the spectra range between 82 and 238 for the majority (3 spectra have a S/N lower than 70 and were rejected for ZDI and the RV analysis), with a median of 140.
Time is counted in units of stellar rotation, using the same reference date and rotation period as in Skelly et al. (2010) , namely BJD 0 = 2, 454, 832.58033 and P rot = 1.871970 ± 0.000010 d (Stelzer et al. 2003) respectively: c = (BJD − BJD 0 )/P rot .
(1)
The stellar phase is defined as the decimal part of the cycle c.
The emission core of the Ca ii infrared triplet (IRT) presents an average equivalent width (EW) of 13 km s −1 (0.37Å). The He i D 3 line is relatively weak with an average EW of 13 km s −1 as well (0.25Å), in agreement with the non-accreting status of V410 Tau. The Hα line has an average EW of 14 km s −1 (0.33Å) and a rms EW of 27 km s −1 and exhibits a periodicity of period 1.8720±0.0009 d (see Appendix C) . From the He i D 3 line, we detected small flares on 2008 Dec 10 (rotational cycle -15+3.514, as per Table A1 ), on the night of 2013 Dec 08 to 2013 Dec 09 (rotational cycles 959+4.090 and 959+4.151), and on the night of 2016 Jan 20 (rotational cycles 1376+0.021 and 1376+0.040). One big flare, on 2008 Dec 15 (rotational cycle -15+6.181), was visible not only in He i D 3 (EW 30 km s −1 ) but also in Hα (EW 230 km s −1 ) and the Ca ii IRT (core emission EW 40 km s −1 ). We removed the 6 flare-subjected observations from our data sets in order to proceed with the mapping of the photosphere and surface magnetic field, as well as the RV analysis.
Least-squares deconvolution (LSD, see ) was applied to all our spectra in order to add up information from all spectral lines and boost the resulting S/N of both Stokes I and V LSD profiles. The spectral mask we employed for LSD was computed from an Atlas9 LTE model atmosphere (Kurucz 1993) featuring T eff =4,500 K and log g=3.5, and involves about 7 800 spectral features (with about 40 % from Fe i, see e.g. Donati et al. 2010b , for more details). Stokes I and Stokes V LSD profiles shown in Section 4 display distorsions that betray the stellar activity with a periodicity corresponding to the rotation of the star. Moonlight pollution, which affects 15 of our Stokes I LSD profiles, was filtered out using a two-step tomographic imaging process described in Donati et al. (2016) . The S/N in the Stokes I LSD profiles, ranging from 1633 to 2930 (per 1.8 km s −1 velocity bin) with a median of 2410, is measured from continuum intervals, including not only the noise from photon statistics, but also the (often dominant) noise introduced by LSD (see Table A1 ). The S/N in Stokes V LSD profiles, dominated by photon statistics, range from 1817 to 6970 with a median value of 3584.
Phase coverage is of varying quality depending on the observation epoch. The 2008b data set, with only 6 points, covers only half the surface of the star (phases -0.20 to 0.30). The 2009a data set, although the densest with 48 points in 16 days and including data from both instruments, lacks observations between phases 0.05 and 0.20. The 2011a data set presents a large gap between phases -0.05 and 0.15, and a smaller one between phases 0.65 and 0.80. The 2013b and 2015b data sets are well sampled, and the 2016a data set, with only 9 points, lacks observations between phases 0.25 to 0.45 and -0.15 to 0.05.
Contemporaneous BVR J I J photometric measurements, documented in Table A2 , were taken from the Crimean Astrophysical Observatory 1.25 m and 0.60 m telescopes between August 2008 and March 2017, counting 420 observations distributed over 9 runs at a rate of one run per year, each run covering 3 to 7 months. In each run, the visible magnitude presents modulations of a period ∼1.87 d and amplitude varying from 0.04 to 0.24 mag (see Appendix B). The visible magnitude reaches a global minimum of 10.563 during the 2014b run. We also used 2703 data points of visible magnitude from the Wide Angle Search for Planets (WASP Pollacco et al. 2006 ) photometric campaign covering semesters 2010b-2011a. Plots of the photometric data contemporaneous to our spectropolarimetric runs (i.e. 2008b+2009a, 2010b+2011a, 2013b+2014a and 2015b+2016a) are visible in Section 4.
EVOLUTIONARY STATUS OF V410 Tau
V410 Tau is a very well-observed three-star system located in the Taurus constellation at d = 129.0 ± 0.5 pc from Earth (Galli et al. 2018 , we chose this value over the Gaia result, 130.4 ± 0.9 pc, because it is both in agreement with it and more precise). V410 Tau B was estimated to have a mass 0.2 ± 0.1 times that of V410 Tau A, and V410 Tau C to have a mass 0.08 +0.10 −0.08 times that of V410 Tau AB (Kraus et al. 2011) . The sky-projected separation between V410 Tau A and V410 Tau B was measured at 0.13 ± 0.01 arcsec, i.e. 16.8 ± 1.4 au, and that between V410 Tau AB and V410 Tau C was measured at 0.28 ± 0.01 arcsec, i.e. 36 ± 3 au. Given that V410 Tau A is much brighter than V410 Tau B and V410 Tau C in the optical bandwidth (Ghez et al. 1997) , we consider that the spectra analysed in this study characterize the light of V410 Tau A predominantly. Applying the automatic spectral classification tool developped within the frame of the MaPP and MaTYSSE projects , we constrain the temperature and logarithmic grav-ity of V410 Tau A to, respectively, T eff = 4500 ± 100 K and log g = 3.8 ± 0.2.
Its rotation period was previously estimated to P rot = 1.871970 ± 0.000010 d (Stelzer et al. 2003) , a value which we use throughout this paper to phase our data (see Eq. 1). Comparing both our contemporary measurements (Table A2 ) and those found in Grankin et al. (2008) , we find that the minimum magnitude measured on V410 Tau is 10.52 ± 0.02, value that we use as a reference to compute the unspotted magnitude.
Our photometric measurements yield a mean B − V index of 1.17 ± 0.02, and since the theoretical B − V at 4500 K is 1.04 ± 0.02 (Pecaut & Mamajek 2013, Table 6 ), the amount of visual extinction is A V = 3.1 · (1.17 − 1.04) = 0.40 ± 0.10. The bolometric correction at T eff being equal to −0.64 ± 0.05 (Pecaut & Mamajek 2013, Table 6 ), and the distance modulus to −5 · log 10 (d/10) = −5.55 ± 0.01, we find an absolute magnitude of 3.93 ± 0.11.
The value of v sin i 1 found from the spectra, 73.2 ± 0.2 km s −1 (see Section 4), indicates that the minimum radius of the star R sin i is equal to 2.708 ± 0.007 R , which implies a maximum absolute unspotted magnitude of 3.67 ± 0.10 given the photospheric temperature. The discrepancy with the value found in the previous paragraph indicates the presence of dark spots on the photosphere even when the star is the brightest. If we assume a spot coverage at maximum brightness of ∼25 %, typical of active stars, (like it was done in Donati et al. 2014 Donati et al. , 2015 Yu et al. 2017) , then the unspotted absolute magnitude would be 3.61 ± 0.32, which corresponds to an inclination 2 of 77 ± 22 • . However, the models best fitting our spectra have an inclination of 50 ± 10 • (see Sec 4), which would require the spot coverage at maximum brightness to actually be ∼50 %. Such a high permanent spot coverage is unusual but not unconceivable, since another wTTS, LkCa4, was observed to have as much as 80 % of its surface covered with spots (Gully-Santiago et al. 2017) . Assuming a spot coverage at maximum brightness of 50 ± 15 % for V410 Tau, we derive an absolute unspotted magnitude of 3.17 ± 0.33, a logarithmic luminosity log(L /L ) = 0.63 ± 0.13, and a stellar radius R = √ L /L · (T /T ) 2 = 3.4 ± 0.5 R . This value for the radius, combined with the v sin i derived from the spectra, yields an inclination of 53 ± 11 • .
The position of V410 Tau on the Hertzsprung-Russell diagram is displayed in Figure 1 . According to Siess et al. (2000) stellar evolution models for pre-main sequence stars, with solar metallicity and overshooting, V410 Tau is a 1.42 ± 0.15 M star, aged 0.84 ± 0.20 Myr and fully convective. Baraffe models (Baraffe et al. 2015) disagree with the Siess models for stars as young as V410 Tau and yield an age of <0.5 Myr with a mass of 1.14 ± 0.10 M . However, for the sake of consistency with the other MaPP and MaTYSSE studies, we will consider the values yielded by the Siess models in this paper. Our values are in good agreement with Welty & Ramsey (1995) and Skelly et al. (2010) , who had previously derived masses of ∼1.5 M and 1.4 ± 0.2 M respectively, radii of ∼2.64 R and ∼3.0 R respectively, and ages of 1 − 2 Myr 1.2 ± 0.3 Myr respectively. Moreover, Skelly The curves yielded by the Siess models (with solar metallicity and overshooting) are represented in black and those yielded by the Baraffe models are represented in magenta. In both cases, evolution tracks are displayed in dashed lines, except the Siess 1.4 M track, the one we chose to model the evolution of V410 Tau, which is shown as a full line. Isochrones are displayed in dotted lines. The thresholds where the radiative core starts developping ("Full convection") and where it reaches 25% of the stellar radius, according to the Siess models, are marked in blue. 
STELLAR TOMOGRAPHY
To map the surface brightness and magnetic topology of V410 Tau, we use the tomographic technique ZDI (Brown et al. 1991; Donati & Brown 1997) ZDI uses a conjugate gradient algorithm to iteratively reconstruct maps whose synthetic profiles can fit the LSD profiles down to a user-provided reduced chi-square (χ 2 r ) level. To lift degeneracy among the multiple solutions compatible with the data at the given reduced chi square, ZDI looks for the maximal-entropy solution, considering that the minimized information from the resulting maps is the most reliable. While the brightness value can vary freely from cell to cell, the surface magnetic field is modelled as a combination of poloidal and toroidal fields, both represented as weighted sums of spherical harmonics and projected onto the spherical coordinate space (Donati et al. 2006 , for the equations). In this study, the magnetic field was fitted with spherical harmonics of orders l = 1 to l = 15.
Because ZDI does not reconstruct intrinsic temporal variability except for differential rotation, there is a limit to the duration a fittable data set can span. At the same time, ZDI needs a good phase coverage from the data to build a complete map. For those reasons, ZDI was not applied to runs 2008 Oct and 2013 Nov; moreover, we reconstructed a different set of brightness and magnetic images for each of the runs on which ZDI was applied.
Using ZDI on our data yielded values for v sin i and i of 73.2 ± 0.5 km s −1 and 50 ± 10 • respectively. We also adjusted the systemic RV of V410 Tau with ZDI, and noticed a drift in the optimal value with time (see Table 2 ).
Brightness and magnetic imaging
Time-series of Stokes I and Stokes V LSD profiles are shown in Figure 2 , both before and after removal of lunar pollution, as well as synthetic profiles generated from the reconstructed ZDI maps. The corresponding maps are shown in Figure 3 , with brightness maps in the first column and radial, meridional and azimuthal components of the surface magnetic field in the second to fourth columns. Properties of these reconstructed maps are listed in Table 2 . Since the 2008 Dec data set has a phase coverage of only half the star, the derived parameters characterizing the global field topology at this epoch are no more than weakly meaningful and were not used for the following analysis and discussion. Our data have been fitted down to χ 2 r = 1 with a feature coverage between 15 % and 18 % depending on the epochs, and a large-scale field strength of 0.5-0.6 kG. Since ZDI is only sensitive to mid-to large-scale surface features, and returns the maximum-entropy solution, this amount of spot coverage is not discrepant with the assumption made in Section 3; it further suggests that 30% of the star is more or less evenly covered with small-scale dark features.
Brightness maps display a complex structure with many relatively small-scale features, and a high contrast. At all . Each map is shown as a flattened polar view, with the equator being represented as a full line, and 60 • , 30 • , and -30 • latitude parallels as dashed lines, and ticks around the star mark the spectropolarimetric observations. For the brightness maps, cool spots are colored in brown and bright plages in blue. For the magnetic maps, red represents outwards and anti-clockwise field on the radial and azimuthal field maps respectively, and the direction of the visible pole on the meridional field maps. Column 3 : contribution of cool ("spots") and hot ("plages") areas on the brightness map. Column 4 : average magnetic strength, defined as the square root of the average squared magnetic field over the surface of the star. Columns 5 to 7 : normalized contribution of the poloidal field, part of the poloidal field that is dipolar and part of the poloidal field that is symmetric. Columns 8-9 : part of the toroidal field that is dipolar and part of the toroidal field that is symmetric. Column 10 : dipole characteristics: field strength, tilt with respect to the rotation axis and phase of the pole. Photometry curves from the ZDI brightness maps were synthesized and a comparison to contemporary CrAO data, and WASP data in the case of 2011 Jan, is shown in Figure 4 . Despite a slightly underestimated amplitude at phase 0.60 in 2008b-2009a, at phase 0.20 in 2011a, at phase 0.20 in 2013b and at phases 0.20 and 0.80 in 2015b-2016a, ZDI manages to retrieve the measured photometric variations of V410 Tau rather satisfyingly. We notice a small temporal evolution of the light curve in the WASP data during season 2010b-2011a, where the regions around phases 0.20 and 0.70 globally darken by 0.02-0.03 mag ( 4σ) over the 4 months that the data set spans.
The magnetic field maps also show a high complexity, with a poloidal component that has a weak dipolar contribution and that is rather non-axisymmetric, and a toroidal component contributing to ∼50% of the overall magnetic energy in 2009, 2011 and 2013, and decreasing towards 30 % in 2015-2016 , that is both strongly dipolar and highly axisymmetric. The dipole pole is tilted at various angles depending on the epoch, with a tilt as high as 54 • in 2009 Jan, down to 18 • in 2013 Dec. The phase of the pole is always around 0.50-0.60, and the intensity of the poloidal dipole increases over time, from 165 G in 2009 Jan to 400 G in 2015-2016. We note that the maximum emission of Hα corresponds to the phase at which the dipole is tilted (Fig. C1 ). For visualisation purposes, 3-dimensional potential fields were extrapolated from the radial components of the magnetic maps, and displayed in Figure 5 , with phase 0.50 facing the reader.
We do not observe a particular correlation between our brightness and our magnetic maps, meaning the areas with strong magnetic field are not necessarily crowded with dark spots, according to the ZDI reconstruction.
Differential rotation
Without differential rotation, ZDI cannot fit an extended data set, such as 2008 Dec + 2009 Jan, 2013 Nov + 2013 Dec or 2015 Dec + 2016 Jan (shortened in this subsection to 08b+09a, 13b and 15b+16a respectively), down to χ 2 r =1, it only manages to reach values of 1.66, 1.20 and 2.64 respectively. This implies that some level of variability exists and impacts the data on time scales of a few months, which could come from the presence of differential rotation at the surface of V410 Tau. We model differential rotation with the following law:
where θ is the colatitude, Ω eq the equatorial rotation rate and dΩ the pole-to-equator rotation rate difference. We constrain Ω eq and dΩ by pre-setting the amount of information ZDI is allowed to reconstruct, and having ZDI minimize the χ 2 r in these conditions.
We performed this analysis on the three aforementioned extended data sets, and on Stokes I and Stokes V time-series separately, reconstructing only brightness or only magnetic field respectively. From the resulting χ 2 r maps over the {Ω eq ,dΩ} space, one can plot the contours of the 1σ-(68.3%) and 3σ-(99.7%) areas of confidence for each observation epoch. Figure 6 , which shows such contours, highlights clear minima surrounded by almost elliptic areas of confidence at each epoch, and shows that each 3σconfidence area overlaps at least two other 3σ-confidence areas. Numerical results for each epoch are given in Table 3 . We chose to use a unique set of parameters to reconstruct all images shown in Section 4: the weighted means of the six seasonal minima, Ω eq = 3.35957 ± 0.00006 rad d −1 and dΩ = 0.0097 ± 0.0003 rad d −1 .
Following the method described in Donati et al. (2003) , we computed, for each epoch, the colatitude at which the rotation rate is constant along the confidence ellipse major axis. This value corresponds to the colatitude where the barycenter of the brightness/magnetic features imposing a correlation between Ω eq and dΩ are located. For both Stokes I and Stokes V, we note a slight increase with time of the cosine of this colatitude (Table 3) , i.e. an increase in the barycentric latitude of the dominant features of 5 ± 2 • and 15 ± 5 • respectively.
These models exclude solid-body rotation at a level of 3.6 to 22σ depending on the epoch. We note that, even with differential rotation, ZDI cannot fit the data of 08b+09a and of 15b+16a down to χ 2 r =1, no matter the amount of information allowed. This indicates that surface features are also altered by a significant level of intrinsic variability within the 2-month span of our data set. This issue is further discussed in section 5.3.
RADIAL VELOCITIES
Radial velocity values were derived as the first-order moment of the continuum-subtracted Stokes I LSD profiles, for all spectra except the 3 with low S/N and the 6 in which we identified flares (see Table A1 ). The raw RVs we obtain contain a contribution from the inhomogeneities on the photosphere, called activity jitter, which we aim to filter out in order to access the actual RV of the star, and look for a potential planet signature. The activity jitter is modelled with two different techniques, ZDI and Gaussian Process Regression. Raw RVs and jitter models are plotted in Figure 7 and listed in Table A1 . For the 2015-2016 points, a new version of ZDI, with the logarithmic brightness of surface features allowed to lineary vary with time, was tested (section 5.3). The raw RVs present modulations whose amplitude vary between 4 and 8.5 km s −1 , with a global rms of 1.8 km s −1 . Like with the photometric data, the RV variations are the lowest in 2009 Jan and the strongest in 2013 Dec.
Activity jitter
The first method consists in deriving the activity jitter from the ZDI models (see Fig. 2 ), computed as the first-order moment of the continuum-subtracted synthetic Stokes I profiles. Indeed, when computing the raw RV from the observed Stokes I LSD profiles, this activity jitter is added on top of the radial motion of the star as a whole. We model the activity jitter separately for epochs 2009 Jan, 2011 Jan, 2013 Table 3 . Summary of differential rotation parameters obtained for V410 Tau on each season. All rotation rates are given in mrad d −1 . Column 2 gives the total number of data points used in the imaging process, then columns 3 to 7 correspond to Stokes I data while column 8 to 12 correspond to Stokes V data. Columns 3 and 8 list the derived equatorial rotation rate Ω eq , with its 68% (i.e. 1σ) confidence interval, columns 4 and 9 the difference in rotation rate dΩ between the equator and pole, with its 68% confidence interval, columns 5 and 10 give the reduced chi square of the ZDI model compared to the data, columns 6 and 11 give the inverse slope of the ellipsoid in the Ω eq -dΩ plane (also equal to cos 2 θ s , where θ s denotes the colatitude of the gravity centre of the spot distribution, see Donati et al. 2000) , and columns 7 and 12 give the rotation rate Ω s at colatitude θ s . The bottom plot depicts the RVs filtered from the ZDI-modelled activity (red dots) and the RVs filtered from the GP-modelled activity (blue dots). The subcaptions indicate the rms of the raw RVs, the ZDI-filtered RVs and the GPR-filtered RVs respectively. All rotational cycles are displayed as in Table A1 .
Dec, 2015 Dec and 2016 Jan (excluding 2008 Dec because of the poor phase coverage). The second method uses Gaussian Process Regression (Haywood et al. 2014; Donati et al. 2017 ), a numerical method focusing on the statistical properties of the model. In short, GPR extrapolates a continuous curve described by a given covariance function from some given data points. To describe the activity jitter here, we use a pseudo-periodic covariance function:
where t and t are the dates of the two RV points between which the covariance is computed, θ 1 is the amplitude of the GP, θ 2 the recurrence time scale (expected to be close to P rot ), θ 3 the decay time scale (i.e., the typical spot lifetime in the present case) and θ 4 a smoothing parameter (within [0, 1]) setting the amount of high frequency structures that we allow the fit to include. The modelling process therefore consists in optimizing the 4 parameters θ 1 , θ 2 , θ 3 and θ 4 , called hyperparameters. To do so, we use a Markov Chain Monte-Carlo algorithm, and allocate to each point of the hyperparameter space a likelihood value, which takes into account both the quality of the fit and some penalizations on Table 4 . Priors for our GP-MCMC run on our raw RVs. For the modified Jeffreys prior, the knee value is given, for the Gaussian prior we give the mean and standard deviation, and for the Jeffreys and the uniform priors we give the lower and upper boundaries.
Hyperparameter Prior
Uniform (0, 1) the hyperparameters (for example we penalize high amplitudes, low decay times and low smoothings). The priors are listed in Table 4 . The phase plot of the MCMC is displayed in Figure 8 and the best fit is shown in Figure 7 , together with the ZDI fits. We note that, contrary to ZDI, GPR, being capable of describing intrinsic variability in a consistent way, is able to fit our whole 8-year-long data set with one model. We obtain θ 1 = 1.8 +0.2 −0.2 km s −1 , θ 2 = 0.9991 ± 0.0002 P rot , θ 3 = 86 +24 −19 P rot and θ 4 = 0.35 ± 0.03 P rot . The rms of the filtered RVs for each epoch and each method are summarized in Table 5 . The RV curve filtered from the ZDI model presents a global rms of 0.167 km s −1 , i.e. ∼ 2 < σ RV > (see Table A1 ). The epoch where the filtering is most efficient is 2009 Jan, although the rms of the filtered RVs is only at 1.5< σ RV >, and it goes up to 3< σ RV > in 2011 Jan and 2013 Dec. On the other hand, the GPR model filters the RV out down to 0.076 km s −1 = 0.94< σ RV >. 
Periodograms
Lomb-Scargle periodograms for both raw and filtered RVs, for both methods ( Fig. 9 for each individual epoch, 10 for the whole data set), show that the stellar rotation period or its first harmonic are clearly present in 2009 Jan and 2011 Jan, but not well retrieved in 2013 Dec, 2015 Dec and 2016 Jan. However the periodogram for the whole RV raw data set presents neat peaks at P rot and its first two harmonics. P rot and its first harmonic are well filtered out by both modelling methods, and the second harmonic is well filtered out in the GP residuals. A weak signal remains at P rot /3 in the ZDI residuals but looking at a phase-folded plot does not reveal any particularly obvious tendency, leading us to suspect that it mostly reflects the contribution of a few stray points. No other period stands out with a false-alarm-probability lower than 5%, which allows us to conclude that no planet signature is found in this data set with our filtering methods.
New ZDI: with short-time intrinsic evolution
Seeing that the filtered RVs when using GPR have a rms twice lower than when using ZDI (Table 5) , we try to improve our ZDI filtering process by implementing a new feature: instead of only having one brightness value in each cell, we give it a brightness value and an evolution parameter, so that ZDI brightness maps are allowed to evolve with time to better fit time-series of LSD profiles with variability. Thus we reconstruct two maps for the brightness: the brightness at time 0 and the map of the evolution parameter. We choose, for now, a simple model where the logarithmic relative brightness of each cell k is allowed to evolve linearily with time:
where Q k (t) is the local surface brightness and m k is the evolution parameter. Applying this new method to the 2015-2016 extended data set, we manage to fit the whole data set down to a χ 2 r of 1 where classical ZDI, even with differential rotation, could not reach lower than χ 2 r =2.5 (see Section 4.2). Maps associated to this reconstruction are shown in Fig. 11 , and derived RVs are plotted in Fig. 12 and 13, to be compared with RVs derived from classical ZDI maps. The rms of the filtered RVs here, 0.194 km s −1 , does not decrease compared to when using classical ZDI, which means our model is still too simple and cannot fully account for the observed variability. However, Fig. 13 shows that global trends in the temporal evolution of the RV curve are well-reproduced by this new ZDI model, such as the jitter maximum moving from phase 0.37 to 0.32, or the local minimum at phase 0.54 in 2015 Dec moving to 0.50 in 2016 Jan. V410 Tau is composed of an inner close binary (V410 Tau A-B) around which orbits a third component (C Ghez et al. 1997) , with V410 Tau A being much brighter than the other two in the optical domain, and thus the star that our data inform. The stellar parameters derived in this work are summed up in Table 1 : at ∼0.8 Myr, V410 Tau is a 1.42 ± 0.15 M and 3.4 ± 0.5 R wTTS.
Activity and magnetic field of V410 Tau
Applying LSD then ZDI on our data set, we estimated the v sin i and inclination of V410 Tau at 73.2 ± 0.5 km s −1 and 50 ± 10 • respectively. Considering the well-determined rotation period of 1.871970 ± 0.000010 (Stelzer et al. 2003 ) and the minimal observed visible magnitude of 10.52 (Grankin et al. 2008) , this implies a relatively high level (∼50%) of spot coverage. We reconstructed brightness and magnetic surface maps at each observation epoch, constrained the differential rotation and found a drift in the bulk radial velocity. Our ZDI brightness maps display a relatively highly spotted surface: the spot coverage reaches 6.5 to 11.5 percent depending on the epoch (not counting 2008 Dec where only half the star was imaged) and the plage coverage is found around 7 percent at all epochs. Since ZDI mostly recovers large non-axisymmetric features and misses small ones evenly distributed over the star, the spot and plage coverage is underestimated, which makes this result compatible with the spot coverage obtained from the aforementioned V magnitude measurements. We note that V410 Tau being heavily spotted makes it difficult to pinpoint its age. We fit a 2-temperature model (photosphere at 4500 K and fixed-temperature spots with a varying filling factor) into our B-V and V magnitude data, and found an optimal spot temperature of around 3750 K, which implies a contrast of ∼750 K between dark spots and the photosphere (see Fig. B7 ). This contrast is slightly lower than the one retrieved for the 2 Myr wTTS LkCa 4 in Gully-Santiago et al. (2017) . V410 Tau always presents a high concentration of dark spots around the pole, and several big patches of dark spots on the equator. V410 Tau has a relatively strong large-scale magnetic field, with an average surface intensity that is roughly constant over the years at 550 ± 50 G. Its radial field reaches local values beyond -1 kG and +1 kG in several epochs. The brightness and magnetic surface maps both present some variability from epoch to epoch (Fig. 3, Table 2) , which points to a dynamo-generated magnetic field rather than a fossil one. The magnetic energy is, at all epochs, equally distributed between the poloidal and toroidal components of the field, with the poloidal component being rather nondipolar and non-axisymmetric, whereas the toroidal component is mostly dipolar and axisymmetric. The poloidal dipole, tilted towards a phase that stays within 0.6 ± 0.1 during the whole survey, but at an angle varying between 20 • and 55 • depending on the epoch, sees its intensity increase almost monotonously from 165 G to 458 G over 8 years, and the dipolar contribution to the poloidal field also increases from ∼25% to ∼40% (see Table 2 ). Table A1 , plotted against stellar rotation phase. The GPR and new ZDI models are represented by full lines colored in gradients, from earliest to latest cycle, respectively pink to purple and green to blue, while the classical ZDI models for 2015 Dec and 2016 Jan are plotted in orange and red respectively. Observations are plotted as dots with 1σ-error bars, orange for 2015 Dec and 2016 Jan.
The toroidal component, which displays a constant orientation throughout our data set, is unusually strong compared to other fully convective rapidly-rotating stars (e.g. V830 Tau is 90 percent poloidal, see Donati et al. 2017) . A similarly strong toroidal field was observed on one other MaTYSSE target, LkCa 4 (Donati et al. 2014) . The origin of this strong toroidal field is still unclear: could it be maintained by an α 2 dynamo, like in the simulations of low-Rossby fully convective stars by Yadav et al. (2015) ? The remnants of a subsurfacic radial shear between internal layers accelerating due to contraction, and disc-braked outer layers? Or would the even earlier toroidal energy, from right after the collapse of the second Larson core (as found in the simulations of Vaytet et al. 2018) , somehow not have entirely subsided yet? Would the early dissipation of the disc, a common factor between LkCa 4 and V410 Tau, have something to do with this?
At ∼0 Figure  14 . Differential rotation curve of V410 Tau (black full line) with 1σ uncertainty in gray, with Ω eq = 3.35957 ± 0.00006 rad d −1 and dΩ = 0.0097 ± 0.0003 rad d −1 . The stellar rotation rate chosen to phase our data is represented as a dashed horizontal line. The rotation rates derived from the RVs (red), from the Hα equivalent widths (magenta) and from the longitudinal field measurements (cyan) are positioned on the differential rotation curve as triangles with 1σ error bars, thus yielding the barycentric latitude of the features determining the period. The dots represent couples {90 − θ s , Ω s } derived in our epoch-wise differential rotation measurements, those coming from Stokes I / Stokes V data being plotted in blue / red respectively.
wTTSs (Kraus et al. 2012, Fig. 3) . Assuming that, when the disc was present, V410 Tau was magnetically locked to it at a rotation period of ∼8 d with a cavity of ∼0.085 au (similarly to cTTSs BP Tau, AA Tau and GQ Lup, see Donati et al. 2008 Donati et al. , 2010b Donati et al. , 2012 , then V410 Tau should have had a radius of ∼7 R when the disc dissipated, to match the angular momentum that we measure today (Bouvier 2007) . According to the Siess models (Siess et al. 2000) , this corresponds to an age of ∼0.2 Myr. With a radius of ∼7 R , V410 Tau would have needed a magnetic dipole barely above 100 G to maintain the assumed magnetospheric cavity, even with an accretion rate of ∼ 10 −8 M yr −1 just before disc dissipation. That value is compatible with the 200-400 G dipole we measure on the ∼3.5 R star today. Kraus et al. 2012 ( Fig. 1) shows a correlation between the presence of a close companion and the early depletion of the accretion disc, which indicates that V410 Tau B, observed at a projected separation of 16.8 ± 1.4 au (Ghez et al. 1995) , could have been responsible for the early depletion of the disc.
In our Hα dynamic spectra, we observe a conspicuous absorption feature in the second part of the 2009 Jan run around phase 0.95 (Fig. C1) , that could be the signature of a prominence (see e.g. Collier Cameron & Woods 1992). Fitting a sine curve in the absorption feature yields an amplitude of ∼2 v sin i, corresponding to a prominence ∼2 R away from the center of V410 Tau, confirming that the prominence is located close to the corotation radius. Plotting the 3D potential field extrapolation of the reconstructed surface radial field for 2009 Jan, at phases 0.95, 0.20, 0.45 and 0.70, we observe the presence of closed field lines reaching ∼2 R at phase 0.95 (Fig. 15 ), which may be able to support the observed prominence. We also observe similar absorption features in 2009 Jan around phase 0.8 and in 2011 Jan around phase 0.35, but they are less well-covered by our observations. We however found corresponding field lines at the right phase for each (see Fig. 15 for 2009 Jan).
We also constrained the differential rotation of V410 Tau with ZDI: we obtained six values for the equatorial rotation rate Ω eq and for the pole-to-equator rotation rate difference dΩ, by using separately our Stokes I and Stokes V LSD profiles from each of the three data sets 2008b+2009a, 2013b and 2015b+2016a.
Overall mean values are Ω eq =3.35957 ± 0.00022 rad d −1 and dΩ=0.0097 ± 0.0011 rad d −1 . The differential rotation of V410 Tau is thus relatively weak, with a pole-to-equator rotation rate difference 5.6 times smaller than that of the Sun, and a lap time of 648 ± 73 d. Compared to other wTTSs previously analyzed within the MaTYSSE programme, the differential rotation of V410 Tau is similar to that of V830 Tau (Donati et al. 2017) but much smaller than that of TAP 26, which is almost of solar level, consistent with the fact that TAP 26 is no longer fully convective and has developped a radiative core (of size 0.6 R , Yu et al. 2017 ).
Mid-term variability of V410 Tau
Even with differential rotation, it is impossible for our current version of ZDI to model data sets spanning a few months down to noise level, which shows that the surface of V410 Tau undergoes significant instrinsic variability, corroborating the hypothesis of a dynamo-generated field. The variations of the photosphere and of the surface magnetic field over the years might be the manifestation of a magnetic cycle, whose existence has been suggested by previous studies (Stelzer et al. 2003; Hambálek et al. 2019) . No clear change in dΩ is observed while the dipole grows in intensity (Table 3) , which could indicate a time lag in the dynamo interaction between the magnetic field and the rotation profile.
The bulk RV of V410 Tau exhibits a drift throughout our 8-year campaign, from 16.30±0.05 km s −1 in 2008b-2009a to 16.65 ± 0.05 km s −1 in 2015b-2016a. One explanation could be a variation in the suppression of convective blueshift in re-gions of strong magnetic field (Haywood et al. 2016; Meunier et al. 2010 ), which could further support a secular evolution of the magnetic topology. It could also be a manifestation of the binary motion of V410 Tau A-B. The central binary of V410 Tau was observed twice, with a sky-projected separation of 16.8 ± 1.4 au in 1991 Oct and 9.5 ± 0.3 au in 1994 Oct (0.13±0.01 arcsec and 0.074±0.002 arcsec resp. in Ghez et al. 1995) , and a mass ratio of 0.20 ± 0.10 (Kraus et al. 2011) . Assuming a mass ratio of 0.2 and an edge-on circular orbit, we find that an orbit of the primary star of radius 6.0 au, i.e. binary separation 36.0 au and period 166 a, fits our bulk RVs and the sky-projected separations at a level of 2σ (see Fig. 16 ). No binary motion was detected in the 2013 to 2017 astrometry measurements of Galli et al. (2018) , which is consistent with our model where the sky-projected velocity varies by only 0.13 mas a −1 over these 3.5 years (roughly a 50th of the orbital period). More measurements would enable to estimate the eccentricity and potentially fit the skyprojected separations to a better level, as well as to decide whether the binary motion can explain the RV drift observed in this study.
The rotation period derived from our V magnitude measurements, in each observing season, also displays long-term variations. Placing the periods found from the photometric data on a period-latitude diagram representing the modeled differential rotation (Fig. B5) , we observe that the latitudes corresponding to the successive periods tend to increase from 0 in 2008 to ∼50 • in 2016. We note that this trend is observed with both the periods derived from sine fits to the photometric data and those derived from GPR (see B). This implies that the largest features, ie those with the biggest impact on the photometric curve, underwent a poleward migration, reminiscent of the Solar butterfly diagram (albeit reversed). This would suggest that the dynamo wave, if cyclic, has a period of at least 8 a and likely much longer (16 a if our data covers only one half of a full cycle). Previous studies using different data have suggested the existence of an activity cycle on V410 Tau, with periods of 5.4 a and 15 a respectively (Stelzer et al. 2003; Hambálek et al. 2019) . We further note that our differential rotation measurements confirm that the barycenter of surface features migrates to higher latitudes over time (see Fig 6) .
Applying GPR with MCMC parameter exploration to our Hα equivalent widths and longitudinal magnitude field measurements (B , first-order moment of the Stokes V LSD profiles, Donati & Brown 1997) , we also found rotation periods from which we derive mean barycentric latitudes of features constraining the modeling of each quantity (see Fig. 14) . The period found from Hα is equal within error bars to the one derived in Stelzer et al. 2003 from photometry, whereas the period found from B seems tied to equatorial features. It is worth mentioning that we also find long decay times for these two activity proxies: 589 +774 −335 d and 604 +553 −289 d respectively, which suggests, with the caution needed with such high error bars, that the Hα and B modulations are particularly sensitive to large, long-lasting features. The phase plots are displayed in Appendix C.
Radial velocity modulations
We modeled the activity RV jitter from line profiles synthetized from our ZDI maps, and filtered it out from the RV curve of V410 Tau. From a rms of 1.802 km s −1 in the raw RVs, we get residuals with a rms of 0.167 km s −1 . We also applied GPR to our raw RVs and found a jitter of periodicity 1.87029 ± 0.00037 d and decay time 160 +45 −35 d, with residuals of rms 0.076 km s −1 . The period derived from the GPR on our raw RVs is shorter than the period we used to phase our data, and corresponds to a latitude of 5.5 • . This period is much closer to the period derived with GPR from B than to the period derived from Hα, showing that in this case, B is a better activity proxy than Hα (for a more systematic study of the correlation of B with stellar activity, see Hébrard et al. 2016 ). The decay time associated to RVs is much shorter than the differential rotation lap time and the decay times of the V magnitude, Hα and B (see Table 6 ), which suggests that RVs are more sensitive to small-scale short-lived features while the photometry, Hα and B are more sensitive to large-scale long-lasting features.
Through both processes, the residual RVs present no significant periodicity which would betray the presence of a potential planet. To estimate the planet mass detection threshold, GPR-MCMC was run on simulated data sets, composed of a base activity jitter (our GP model from Section 5), and a circular planet signature, plus a white noise of level 0.081 km s −1 . Various planet separations and masses were tested, and for each case, GPR-MCMC was run several times with different randomization seeds, to mitigate statistical bias. For every randomization seed, GPR-MCMC was run with a model including a planet and a model including no planet, and the difference of logarithmic marginal likelihood between them (hereafter ∆L) was computed. Finally, the detection threshold was set at ∆L = 10 and the minimum detectable mass at each separation was interpolated from the mass/∆L curve. Fig. 17 shows the planet mass detection threshold as a function of planet-star separation: we thus obtained a detectability threshold of ∼1 M Jup for a < 0.09 au and ∼4.6 M Jup for a = 0.15 au. The figure also shows the parameters of V830 Tau b and TAP 26 b, showing that we would likely have detected a planet like TAP 26 b but not one like V830 Tau b. Planets beyond a = 0.15 au are difficult to detect due to the temporal coverage of our data, that never exceeds 19 d at any given epoch. The early depletion of the disc may have prevented the formation and/or the migration of giant exoplanets. Kraus et al. 2016 outlines a correlation between the presence of a close companion and a lack of planets, in a sample of binary stars with mass ratios q > 0.4, which could support the hypothesis that V410 Tau B, although having a slightly lower mass ratio (q = 0. Kraus et al. 2011) , played a role in the early disc dissipation, which in turn prevented the formation of a hot Jupiter. In terms of methodology, GPR fits the data down to a significantly lower χ 2 r than ZDI because it is capable of accounting for most of the mid-term variability, contrarily to ZDI, which for now only integrates differential rotation and a simplistic description of intrinsic variability. Small strutures evolve on time scales of ∼few weeks, so we need to be able to model their temporal evolution in a more elaborate way to be able to match the capability of GPR to fit time-variable RV curves. Self-consistent methods that combine the physical faithfulness of ZDI and the flexibility of GPR will be developped in the near future and applied to more MaTYSSE data, as well as to data from the SPIRou (Spectropolarimetre InfraRouge) Legacy Survey (SLS). Finally, observing V410 Tau and other wTTSs with SPIRou will yield spectra in the near infrared, where we expect a smaller jitter than in the optical bandwidth, and will offer an opportunity to benchmark our activity jitter filtering technique performances.
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APPENDIX A: OBSERVATIONS
This appendix informs all the observations, both spectropolarimetric (Table A1 ) and photometric (Table A2) , that we used in this study, excluding the WASP data. The spectropolarimetric data are spread over 8 runs Oct, 2008 Dec, 2009 Jan, 2011 Jan, 2013 Nov, 2013 Dec, 2015 Dec and 2016 Jan) and the photometric data are spread over 9 seasons: 08b+09a (short for 2008b + 2009a; all the other seasons follow the same naming convention), 09b+10a, 10b, 11b+12a,  12b+13a, 13b+14a, 14b, 15b+16a and 16b+17a .
The instruments with which the spectropolarimetric data was taken, ESPaDOnS and NARVAL, are twin spectropolarimeters and cover a 370 to 1000 nm wavelength domain, with respective resolving powers of 65 000 (i.e. resolved velocity element of 4.6 km s −1 ) and 60 000 (resolved velocity element of 5.0 km s −1 ). Each polarization exposure sequence consists of four subexposures of 600 s each, taken in different polarimeter configurations to allow the removal of all spurious polarization signatures at first order The telescopes used for photometry at CrAO are AZT-11, a 1.25 m telescope with a five-channel photometerpolarimeter, and T60Sim, a 0.60 m telescope with a fourchannel photometer. Table A1 . Information on the V410 Tau spectropolarimetric data. The first three columns contain the time at which the observations were taken: Coordinated Universal Time in the 1st column, Barycentric Julian Date in the 2nd and corresponding rotational cycle of V410 Tau, c, in the 3rd, as is defined in equation 1. The 4th column indicates the instrument used for the observation (E: ESPaDOnS, N: NARVAL) and column 5 the spectrum S/N. Column 6 indicates rejected spectra or the presence of moon pollution ( a : not used in ZDI, b : not used in GPR, c : not used for period retrieval from Hα EW). Columns 7 and 8 contain the S/N in the Stokes I and Stokes V LSD profiles respectively. Columns 9 to 12 show the raw RVs, the RVs filtered with ZDI, the RVs filtered with GPR and the 1σ RV error bar respectively, column 13 lists the equivalent width of the Hα line (with a typical error bar of 10 km s −1 ) and column 14 informs the longitudinal projection of the magnetic field integrated over the visible surface (with a typical error bar of 50 G). 
APPENDIX B: PHOTOMETRY ANALYSIS
From our photometric data, we retrieved the stellar rotation period at each epoch and derived the photosphere contrast.
To retrieve the stellar rotation period, we applied two types of models to our V magnitude curves: a periodic fit involving the fundamental frequency and the first two harmonics to each of the 9 datasets individually (as well as a periodic fit involving the fundamental frequency and the first four harmonics to the whole data set), and GPR (see Section 5). Since the data sets 15b+16a and the 16b+17a are particularly small (15 and 13 points respectively) and consecutive, we grouped them together for the GPR.
The results of the sine fits are listed in Table B1 , and plotted in Figures B1 and B2 . All observation epochs yield a modulation period within 1σ of the value we use throughout this paper for the stellar rotation period. We note that the error bar recovered on the whole data set is underestimated since it was measured on the curvature of the χ 2 r (P rot ) curve around the minimum, curve which presents many aliased local minima due to the observation sampling.
For the GPR, we made a first run on the global data set (phase plot in Fig. B3 ) and used its result to freeze the decay time for the modelling of the individual data sets, to avoid degeneracy. The retrieved hyperparameters are given in Table B2 . The phase plots of the individual data sets are displayed in Figure B4 . Again, a neat period around 1.87 is outlined for each data set. The periods found with GPR and with sine fits are generally consistent, but the error bar for the rotation period on the whole data set is more trustworthy when computed statistically from GPR-MCMC than from the local curvature of the sine fit aliased χ 2 r curve. All derived rotation periods, from sine fits and GPR, are plotted against their corresponding latitude using the ZDI-retrieved differential rotation in Figure B5 ), and the thus-derived latitudes are plotted against time in Figure B6 , showing a global increasing trend of that latitude, regardless of the period retreval method.
We computed B-V(V) models from the Kurucz models for colors of main sequence stars with log(g)=3.5, T eff =4500 K and E(B-V)=0.10 mag (Kurucz 1993) : we fit a two-temperature model with a photospheric temperature of 4500 K and different values for the spot temperature. Then, for each tested spot temperature, for all values of spot coverage from 0 too 100 %, we computed the resulting B and the resulting V using the following formulas, from which we derived the B-V. The resulting models are plotted in Figure B7 . We find that a spot temperature of 3750 K fits our B-V measurements well, from which we deduce that the extension of our data imply a spot coverage on V410 Tau between 50 and 75%, in agreement with the assumption in Section 5.3. V(r) = −2.5 log 10 (r10 − V spot 2.5 + (1 − r)10 − V star 2.5 ) B(r) = −2.5 log 10 (r10 − B spot 2.5 + (1 − r)10 − B star 2.5 )
APPENDIX C: ACTIVITY PROXIES
This section shows the line profiles of Hα, He i and Ca ii, as well as some results on B . 1.8695 ± 0.0014 0.019 ± 0.005 0.015 09b+10a
1.8701 ± 0.0004 0.069 ± 0.004 0.020 10b
1.8718 ± 0.0013 0.016 ± 0.005 0.011 11b+12a
1.8704 ± 0.0006 0.045 ± 0.004 0.014 12b+13a
1.8724 ± 0.0005 0.051 ± 0.003 0.018 13b+14a
1.8713 ± 0.0004 0.114 ± 0.006 0.018 14b
1.8722 ± 0.0010 0.117 ± 0.006 0.021 15b+16a
1.8720 ± 0.0012 0.089 ± 0.007 0.014 16b+17a
1.8736 ± 0.0013 0.088 ± 0.013 0.006
All V mag 1.871254 ± 0.000030 0.0568 ± 0.0032 0.047
C1 Hα
Hα dynamic spectra are plotted in Figure C1 , with the 2009 Jan data set being split in half to better see the absorption feature around phase 0.95. We also see two other absorption features in 2009 Jan around phase 0.80 and in 2011 Jan around phase 0.35, and we fit a sine curve in each to determine the potential altitude of a prominence or cloud that could be the origin of these absorption features. We find a sine semi-amplitude of ∼2 v sin i for each of them. Lomb-Scargle periodograms for individual epochs are plotted in Figure C2 , and the periodogram for the whole data set is shown in Figure C3 , showing a neat peak at the rotation period.
C2 He i D 3
The He i line profiles are shown in Fig. C5 . We can clearly see the flares at the dates marked in Table A2 .
C3 Ca ii
The Ca ii line profiles are shown in Fig. C6 .
C4 B
We derived longitudinal magnetic field values as first-order moments of our Stokes V LSD profiles, and applied a GPR-MCMC run on them. The phase plot is shown in Figure C7 . This paper has been typeset from a T E X/L A T E X file prepared by the author. Figure B1 . Fits of the V magnitude measurements at each epoch by a sine curve and two harmonics. Each data set was folded according to the corresponding period listed in Table B1 . As a consequence, the rotation phase used in these plots does not correspond to the rotation phase in Table A1 , but rather to the phase in the model sine curves. Figure B2 . Fit of the V magnitude in the whole data set by a sine curve and four harmonics. The color-to-dataset correspondency is as follows: red=08b+09a, orange=09b+10a, yellow=10b, green=11b+12a, turquoise=12b+13a, cyan=13b+14a, blue=14b, purple=15b+16a, pink=16b+17a. Figure B5 . Differential rotation curve in blue, with parameters Ω eq and dΩ as defined in the introduction of Section 4. Red: Hα rotation rates, green: B rotation rates, circles: derived from 2013 Dec data set, triangles: derived from 2015 Dec data set, x symbols: derived from the whole data set (143 points for Hα and 135 for B ). Photometry rotation rates are displayed, those derived with sinfit (Table B1 ) in green and those derived with GPR (Table B2) in magenta. Figure B6 . Colatitude found for the V magnitude, for each epoch and for the whole data set with sinfit (x-coordinate: 20) as well as for B-V with sinfit (x-coordinate: 21). 9.5 10 10.5 11 11.5 12 12.5 1.05 Figure B7 . Fit of the B-V(V) curve with Kurucz models, with a photosphere temperature of 4500 K, log g of 3.5, E(B-V) of 0.10. Each full line corresponds to a particular value of the spot temperature, and dots mark the spot coverage with steps of 10% (the dot at V=10.0 and B-V=1.08 corresponding to a 0% spot coverage). The extension of our data correspond to a spot coverage constantly between 50% and 75%. 
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